Previous studies have shown that trimers of the vesicular stomatitis virus glycoprotein (VSV G protein) are in rapid equilibrium with monomeric subunits after folding and assembly in the endoplasmic reticulum (ER). To determine whether G protein trimers were in equilibrium with monomers in other cellular compartments, we studied heterotrimer formation between VSV G protein and a mutant G protein (G,u protein) containing a 3-amino-acid cytoplasmic domain replacing the normal 29-amino-acid domain. The G,u protein is transported from the ER much more slowly than G protein, although both G and G,u proteins form trimers rapidly in the ER. In coexpression experiments, we observed that VSV G protein molecules exited the ER about sixfold faster than G,u protein molecules, and we observed no heterotrimer formation in the ER, probably because of rapid reassortment of the mutant and wild-type trimers. However, heterotrimer formation between the two proteins was observed after long chase periods that allowed time for trimers of the mutant protein to reach the plasma membrane and reassort with the G protein subunits. Additional studies showed that heterotrimers of the two proteins could form in the Golgi or in the ER if exit of the G protein from either compartment was blocked.
Previous studies have shown that trimers of the vesicular stomatitis virus glycoprotein (VSV G protein) are in rapid equilibrium with monomeric subunits after folding and assembly in the endoplasmic reticulum (ER). To determine whether G protein trimers were in equilibrium with monomers in other cellular compartments, we studied heterotrimer formation between VSV G protein and a mutant G protein (G,u protein) containing a 3-amino-acid cytoplasmic domain replacing the normal 29-amino-acid domain. The G,u protein is transported from the ER much more slowly than G protein, although both G and G,u proteins form trimers rapidly in the ER. In coexpression experiments, we observed that VSV G protein molecules exited the ER about sixfold faster than G,u protein molecules, and we observed no heterotrimer formation in the ER, probably because of rapid reassortment of the mutant and wild-type trimers. However, heterotrimer formation between the two proteins was observed after long chase periods that allowed time for trimers of the mutant protein to reach the plasma membrane and reassort with the G protein subunits. Additional studies showed that heterotrimers of the two proteins could form in the Golgi or in the ER if exit of the G protein from either compartment was blocked.
Many membrane proteins form oligomeric complexes in the endoplasmic reticulum (ER) prior to transport to the cell surface (5, 13, 27) . Once formed, these oligomeric structures are generally thought to be very stable, even in the absence of intermolecular disulfide bonds. For example, the two influenza virus membrane glycoproteins, hemagglutinin and neuraminidase, the only envelope glycoproteins for which X-ray crystal structures are currently available, are stable trimers and tetramers, respectively, even after cleavage from mature virus particles (29, 32) . In these cases, there are extensive hydrophobic interfaces contributing to the stability of the oligomers. Other oligomers, such as the Semliki Forest virus glycoprotein, dissociate rapidly under very mild conditions after solubilization from the membrane, although the stability of the oligomer in the membrane has not been examined (30) .
The membrane glycoprotein (G) of vesicular stomatitis virus (VSV) is synthesized as a single polypeptide chain which undergoes extensive folding and disulfide bond formation within the first few minutes following synthesis (21) . The protein then forms a homotrimer in the ER prior to transport to the cell surface (4, 18) . After solubilization from the membrane, these trimers are not stable to sedimentation on sucrose gradients at neutral pH, but they become stable at pHs below 6.0, which induce the conformation change in G required for membrane fusion.
In previous studies, we showed that G protein trimers have the interesting property of being in a dynamic equilibrium with monomers in the endoplasmic reticulum (33) . Also, G protein trimers solubilized from membranes with detergent are known to be in a rapid equilibrium with monomers in solution (19, 20, 31 (3) .
In our earlier studies demonstrating the equilibrium between trimers and monomers in vivo, we found that mutant forms of VSV G protein retained in the ER by a C-terminal signal would dissociate and form heterotrimers with wild-type protein (33) . The heterotrimer formation was observed only when wild-type and mutant proteins were kept together in the ER by the transport blocker brefeldin A (BFA). Upon release of the transport block, the proteins dissociated and reassociated to form mutant homotrimers that were retained and wild-type homotrimers that were transported to the cell surface. Heterotrimers were probably also generated in the absence of BFA but were not detected because they reassorted rapidly into wild-type trimers that were transported and mutant trimers that were retained. The trimer instability was not peculiar to mixed mutant and wild-type heterotrimers, because wild-type G protein homotrimers were also shown to dissociate in the ER and form heterotrimers with mutant subunits (33 In pulse-chase experiments, the cultures were rinsed with phosphate-buffered saline (PBS) (10 mM NaH2PO4-10 mM Na2HPO4-150 mM NaCl, pH 7.2) and the incubation was continued for various times in DMEM containing 2.5 mM unlabeled methionine and 5% fetal calf serum. At the end of the chase period, the medium was removed and the dishes were rinsed with PBS. Lysis of the cells was done on ice with 1% Triton X-100 in a buffer consisting of 20 mM MES, 30 mM Tris, 100 mM NaCl, 1 mM EDTA, and 1 mM ethylene glycol-bis(O-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) (1 x MNT buffer), pH 5.8. Nuclei were removed by centrifugation at 10,000 x g for 1 min, and the supernatant was precleared for 6 h at 0°C by incubation with 4 pI of antiserum recognizing an unrelated protein followed by additional incubation for 6 h at 0°C with 30 pl of fixed Staphylococcus aureus. After removal of the precipitate, the supernatant was divided in two parts, and sodium dodecyl sulfate (SDS) was added to a final concentration of 0.1%. Immunoprecipitation with the various antibodies (1 pul of anti-VSV serum and 4 p[l of antipeptide serum) was at 0°C for 6 h, followed by incubation for 6 h with 30 pl of prewashed S. aureus. Immunoprecipitates were washed three times with cold lysis solution containing 0.1% SDS, analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) on 8% acrylamide gels, and visualized by fluorography (1) . Endo H treatment of immunoprecipitates was done as described previously (25) . Trimerization assays were described previously (7) . RESULTS Processing and trimerization of G and G,u proteins. Earlier studies have shown that Gpu protein, a hybrid G protein with the 3-amino-acid cytoplasmic domain from the heavy chain of immunoglobulin M replacing the 29 amino acids of the cytoplasmic domain of VSV G protein, is transported from the ER to the Golgi approximately six times more slowly than G protein in monkey COS cells (23) . Gp protein apparently folds correctly and forms trimers at least as efficiently and rapidly as G protein (7), but like other mutants of VSV G protein with truncated cytoplasmic domains, it is transported slowly from the ER. To determine whether Gp protein behaved similarly in BHK cells when expressed with the vaccinia virus-T7 system (9), we performed a pulse-chase experiment to analyze oligosaccharide processing and trimerization of Gp. protein. Figure   1A shows the quantitation of the percentage of endo Hresistant oligosaccharides on G1 and G proteins over time when the two proteins were expressed separately. Acquisition of endo H resistance by glycoproteins is an indication that they have reached the medial-Golgi compartment (8, 17 The immunoprecipitates were incubated with 3 mU of endo H as described in Materials and Methods and then analyzed by SDS-PAGE followed by fluorography. The intensity of the bands was quantitated by scanning densitometry of the fluorograms, and the percentage of endo H-resistant protein was calculated for each time point. (B) BHK cells were transfected with pARG or pARGp, labeled, and chased as described above. Lysis and sucrose density gradient sedimentation were performed as described in Materials and Methods. The fractions were immunoprecipitated with serum recognizing the ectodomain of G protein and analyzed by SDS-PAGE and fluorography. The intensity of the bands was calculated by scanning densitometry, and the percentage of protein present in the fractions corresponding to the trimeric G protein was calculated for each time point.
To assay the rate of trimer formation for G and Gpu, we used a pulse-chase protocol followed by velocity gradient sedimentation just as was done previously for a collection of VSV G mutants (7) . Quantitation of the results (Fig. 1B) showed that both G and Gp. formed trimers efficiently, although Gp. appeared to trimerize somewhat more rapidly. Rapid formation of trimers was also observed previously (7) for other mutant G proteins that were retarded in transport from the ER, and this phenomenon is probably related to their accumulation at high concentrations in the ER.
Specificity of the antipeptide serum. To ensure the specificity of the antipeptide serum used in subsequent analysis of heterotrimers, we expressed the G and Gp. proteins separately in BHK cells and immunoprecipitated them with polyclonal anti-G serum or antipeptide (GT) serum immediately after a pulse label or after 1 h of chase. The anti-G serum recognized both proteins, while the GT serum recognized only the G antibody G-CJ GG-G GC-G G-: G Gr G protein. Figure 2 (lane 3) also shows the significant shift in mobility of the G protein after I h of chase, which was due to the addition of terminal sialic acid on the glycans (16) . After 1 h of chase, only about 30% of G1 was processed to a higher-molecular-weight form (Fig. 2, lane 6 ), as would be expected from the lower rate of transport. This processed form of Gp. protein migrated just ahead of unprocessed G protein (Fig. 2, lanes 1, 2, and 6 ) and much faster than processed G protein (lanes 3 and 6). The differences in the electrophoretic mobilities of the processed and unprocessed forms of G and Gp and in their reactivities towards the GT serum made it possible to distinguish these two proteins in coexpression experiments. Formation of heterotrimers between G and G,u. To examine heterotrimer formation, we employed the assay developed previously, using the antipeptide serum that recognizes the cytoplasmic domain of G protein (12) . Immunoprecipitation of G,u by this antibody after coexpression of G and G,u was used to assay for heterotrimer formation (33) . Once heterotrimers are formed, they are stabilized by lysis of cells at pH 5.8 and can be detected by immunoprecipitation with an anti-G-tail antibody of the subunit that does not contain the G-tail epitope. These earlier studies had shown that a VSV G mutant that formed trimers and was retained in the ER did not normally form detectable heterotrimers with G protein in coexpression experiments, apparently because of a rapid equilibrium between monomers and trimers. This equilibrium led to reassortment of wild-type G trimers that were then rapidly transported from the ER. From that result, we suspected that a slowly transported mutant such as Gp. also might behave similarly and reassort from wild-type trimers. However, once both proteins reached the plasma membrane, we suspected that they might mix freely to form heterotrimers. To examine this possibility, we performed the pulse-chase experiment whose results are shown in Fig. 3A .
Cells expressing similar amounts of G and Gp. were pulselabeled with [35S]methionine and then incubated in chase medium for the indicated times. Samples were then immunoprecipitated with anti-VSV serum or anti-G-tail serum. At 0 and 15 min, the anti-VSV serum precipitated both G and G,u (Fig. 3A, lanes 2 and 4) , but the anti-G-tail serum precipitated G protein (lanes 1 and 3) were immunoprecipitated with sera recognizing the cytoplasmic domain of G protein (GT; lanes 1, 3, 5, 7, and 9) or the extracellular domain of G protein (G; lanes 2, 4, 6, 8, and 10). BFA was added 1 h before labeling at a concentration of 1.5 ,ug/ml, and it was present during the labeling and chase periods. Immunoprecipitates were analyzed as described in the legend to Fig. 2. transport stage. In addition, the N-linked glycans on G protein were being processed at the normal rapid rate (60% at 15 min), while the glycans on GpL were processed very slowly. This independent transport of the two proteins also indicated a lack of stable heterotrimer formation. However, at 30 min and even more clearly at 60 and 90 min, G[L protein became evident in the immunoprecipitates with the GT serum, indicating heterotrimer formation with G protein (Fig. 3A, lanes 5, 7, and 9 ). At these times, all of the glycans on G protein were apparently processed, indicating that G protein had passed through the Golgi apparatus. The increasing fraction of Gp. that formed heterotrimers with G was also processed, as judged by the increase in the apparent molecular weight. Because most of the G protein should be on the cell surface by 60 min, we conclude that mixing to form heterotrimers with G,u protein is occurring on the cell surface.
To determine whether the slow transport of G,u was actually responsible for the slow formation of heterotrimers between G and G[L, we coexpressed the two proteins under conditions that confine both proteins to the same cellular compartment. For this purpose, we used the drug BFA, which disrupts the Golgi and prevents protein transport from the ER to the Golgi (6, 10) . Coprecipitation with antibody to the cytoplasmic domain of G protein showed that the G and Gp. proteins were now able to form heterotrimers efficiently shortly after synthesis (Fig.  3B ). This result supports the hypothesis that the progressive (Fig. 4) . The immunoprecipitates were then treated with endo H. As can be seen in Fig. 4 , at the beginning of the chase period there was no coprecipitation of G with G,u when the anti-G-tail serum was used (lane 1), although the two proteins were expressed in equal amounts as assayed by precipitation with antiectodomain serum (lane 3). Note also that both G and Gp. were completely sensitive to endo H digestion (Fig. 4, lanes   3 and 4) . After 30 min of chase, only the small amount of the endo H-resistant form of G,. was found in heterotrimers with G (Fig. 4, lanes 5 and 6) . The amount of Gp. in heterotrimers increased greatly at 90 min of chase (Fig. 4, lanes 9 and 10) , and again it was only the processed Gp. that participated in heterotrimer formation. These results confirm that heterotrimers are detectable only after GIL has passed through the Golgi compartment.
G and G,u can also form heterotrimers in the Golgi apparatus. To determine whether VSV G trimers could dissociate and reassociate in the Golgi apparatus before they reached the plasma membrane, we used the ionophore monensin, which inhibits the protein transport from the medial to the transGolgi compartment (11; for a review, see reference 22). Cells expressing G and G,u were treated with monensin, labeled with [3 S]methionine, and incubated in chase medium for various times in the presence of monensin. Under these conditions, G protein homotrimers should accumulate rapidly in the medialGolgi, while we expected that Gp. protein should be transported more slowly to this compartment. Immunoprecipitation with antibody to the cytoplasmic domain of G showed an increase in the formation of heterotrimers between the two proteins as more G,u was accumulated in the medial-Golgi compartment. As shown in Fig. 3A and 5, the kinetics of the FIG. 5. Formation of heterotrimers between G and G,u in the Golgi. Cells were infected, transfected, and labeled as described in the legend to Fig. 3 . Monensin was added 1 h before labeling at a concentration of 7 p.g/ml, and it was present during the labeling and chase periods. Immunoprecipitates were analyzed as described in the legend to Fig. 2. appearance of heterotrimers between G and Gp, were similar in the presence and absence of monensin, indicating that reassortment of wild-type and mutant subunits could also take place in the Golgi apparatus.
DISCUSSION
In an earlier study, we had shown that trimers of the VSV G protein exist in an equilibrium with monomers in the ER. In the work reported here, we performed experiments which indicate that the equilibrium also exists for G protein in the Golgi apparatus and at the cell surface and thus is not a phenomenon that is dependent on the complex protein-folding machinery known to exist in the ER. Our conclusions are based on the study of the formation of heterotrimers between VSV G protein and a hybrid G protein, Gp, that has a 3-amino-acid cytoplasmic domain derived from another protein and is transported very slowly from the ER. When heterotrimers formed, they could be detected by immunoprecipitation of G,u using antibodies to the cytoplasmic domain of the VSV G protein. These two proteins both formed trimers in the ER when expressed separately but did not form detectable heterotrimers in the ER, apparently because they reassort into wild-type trimers that are exported rapidly and mutant trimers that are exported slowly. However, when sufficient time was allowed for both proteins to arrive at the cell surface, heterotrimers were readily detected.
We observed that although both G and G,u proteins trimerized very efficiently when expressed separately, the initial trimerization rate of Gp protein was higher than that of G protein (Fig. IB) . The same difference in trimerization rates has been observed previously in COS cells, in which nontransported or slowly transported mutants formed trimers more rapidly than G protein (7) . A possible explanation for the faster trimerization of mutants like G,u could be that G,u molecules accumulate at a high concentration in the ER (because of the slow transport to the Golgi), resulting in a higher concentration both of free monomers and of trimers in equilibrium (33) . When newly synthesized, pulse-labeled Gpu molecules are released into the ER, they encounter a high concentration of monomers and trimerize rapidly with this preexisting pool. In contrast, G protein trimers exit the ER rapidly, and thus, newly synthesized G protein subunits encounter a lower concentration of free G protein monomers and form trimers more slowly. The rate of oligomerization of G protein monomers would be expected to depend on the concentration of the free subunits, and published data on other systems support this expectation (2, 15) .
One surprising aspect of these experiments and of earlier experiments with other mutants was our inability to detect heterotrimer formation between G and G,u in the ER even transiently, unless both proteins were allowed to accumulate in the ER in the presence of BFA. This result can be explained by the existence of a rapid equilibrium between monomers and trimers in the ER. If heterotrimers form only transiently between G and Gp molecules in the ER and the heterotrimers are transported slowly, then rapid reassortment would result in formation of G homotrimers that are rapidly exported and mutant heterotrimers that are only slowly exported. This situation would occur if the G,u tail functioned as a dominant negative transport signal or if a trimeric configuration of the wild-type tail provided a positive transport signal. At present, we have no way of distinguishing between these two models.
Existence of an equilibrium between monomers and oligomers at the cell surface is not unprecedented. For example, a monomer-oligomer equilibrium between the heavy and the light (32-microglobulin) chains of major histocompatibility complex class I heterodimers is known to occur at the cell surface (14) , although this situation is different from the VSV G equilibrium because the ,B2-microglobulin subunit is not a transmembrane protein. Also, the heavy chains of major histocompatibility complex class I can exist on the cell surface as monomers in the absence of exogenously added ,32-microglobulin (24), while VSV G protein can be detected on the plasma membrane only as trimers (7, 18) .
The phenomenon of monomer-trimer equilibrium of VSV G protein suggests that the energy requirements for dissociation of the trimer are minimal and therefore that conformational changes in the monomeric subunits of G protein are small after assembly into a trimer. Rapid dissociation of the VSV G trimer might be related to the budding mechanism of this virus. A loosely associated trimer may allow rearrangement of G protein subunits to accommodate interactions with the viral matrix protein or nucleocapsids during budding. Experiments performed in vitro with solubilized G protein suggest that free or nucleocapsid-associated M protein binds reversibly to monomers of G protein, enhancing the association of the monomers into trimers (19) . Alternatively, the instability of the trimer may be related to the major conformational changes of the protein that presumably occur during VSV fusion at low pH.
